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Abstract
We calculate the emission of gravitational waves, gravitons, pho-
tons and neutrinos from a perturbed Schwarzschild blackhole (BH).
The perturbation can be due to either classical or quantum sources
and therefore the injected energy can be either positive or negative.
The emission can be classical in nature, as in the case of gravitational
waves, or of quantum nature, for gravitons and the additional fields.
We first set up the theoretical framework for calculating the emis-
sion by treating the case of a minimally coupled scalar field and then
present the results for the other fields. We perform the calculations
in the horizon-locking gauge in which the BH horizon is deformed,
following similar calculations of tidal deformations of BH horizons.
The classical emission can be interpreted as due to a partial expo-
sure of a nonempty BH interior, while the quantum emission can be
interpreted as an increased Hawking radiation flux due to the partial
exposure of the BH interior. The degree of exposure of the BH interior
is proportional to the magnitude of the injected null energy.
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1 Introduction
Black-Holes (BHs) are well understood in the framework of general relativity
(GR) where their semiclassical properties in the exterior region have been
successfully described using the formalism of quantum fields in curved space-
time. In contrast, their quantum nature, in particular, quantum effects in the
vicinity of the horizon, has not yet been fully understood and is inconsistent
with the classical GR description. For a review, see, for example, [1, 2].
Hawking [3] considered BHs in equilibrium and demonstrated that BHs
emit particles as if they were a thermal body with a temperature TH that is
inversely proportional to their mass M . The established method of study-
ing quantum BHs is the semiclassical approach, in which the background
gravitational field is fixed and matter fields are quantized about this fixed
background. The quantization of matter fields in Schwarzschild spacetime
and particularly the vacuum expectation value (VEV) of the stress energy
momentum (SEM) tensor was calculated in [4, 5, 6, 7, 8, 9, 10]. The in-
herent divergence of the VEV in curved space was resolved by applying an
appropriate regularization technique. These results emphasize that creation
of particles in curved space is a vacuum phenomenon: virtual particles gain
sufficient energy from the background so as to become real.
Here, our main objective is to examine the properties of BHs by exam-
ining their emission when they are away from equilibrium. This is achieved
by considering external perturbations to the BH. Specifically, we calculate
modifications to Hawking radiation and to gravitational wave (GW) emis-
sions. Of particular interest are perturbations that deform the BH horizon,
thus allowing it to be deformed inwards. In general, these require absorption
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of some negative null energy by the BH and therefore are likely to result
from quantum processes. However, some regions of the BH horizon can be
deformed inwards if the total injected nukk energy is small. We show that,
unlike the gravitational perturbations in classical GR, where radiation can
only be emitted from a Schwarzschild BH in the form of gravitational waves,
in the quantum case, due to coupling of the background metric to the var-
ious matter fields and their nonzero VEV of the SEM tensor, gravitational
perturbations produce additional particle species. However, the rate of such
particle production is small.
The paper is organized as follows, in the first part we establish the theo-
retical framework for evaluating the quantum emission from perturbed BHs.
We derive an explicit expression for the radiated power by using the path
integral approach and show that it coincides with the Euclidean partition
function approach. In the second part we outline the classical setup that
describes the deformed horizon geometry of BH in the presence of external
perturbation and determine their corresponding metric perturbation. In the
third part we apply the theoretical framework and calculate the quantum
emission for various particle species. The classical emission is calculated
by following the relevant discussions on tidal deformations in the literature.
Next, we compare the results and discuss their relative magnitude in the
context of horizon deformations. We find that the relative magnitude is con-
trolled by the BH entropy and by the time scale of the emission. The factor
involving the time scale can, in some cases provide a significant enhancement
in the emitted flux. Then, we interpret the increased flux in terms of an ex-
ternal observer and a nonempty BH. In the final part, we summarize our
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result and discuss their significance. In an appendix, for completeness, we
explain in detail the relationship between our discussion of tidal deformations
and the existing discussions in the literature.
2 Emission from perturbed blackholes
In this section we present the formalism for describing how external per-
turbations modify the vacuum state of quantum fields outside the BH. The
modified state is time dependent and so, according to standard arguments,
particle production occurs.
First, we consider the simple case of a minimally coupled, massless scalar
field, whose equations of motion are given by gab∇a∇bφ = 0, where gab is the
unperturbed background Schwarzschild metric. In the absence of perturba-
tions, when the field is in its vacuum state, the vacuum persistence amplitude
〈out, 0|0, in〉 = Z[0], is given in terms of an effective action,
Z[0] =
∫
D[φ] eiSM [φ] , (2.1)
where the scalar fields action is given by
SM =
1
2
∫
d4x
√−ggab∇aφ∇bφ . (2.2)
In general, in curved spacetime the in and out vacuum states are different,
this is also the case for time-independent backgrounds, such as Schwarzs-
child spacetime. In a curved background the annihilation operators for the
past “in” vacuum, aˆj are defined as aˆj|0, in〉 = 0 while the corresponding
operators of the future “out” region bˆj, are defined as bˆj|0, out〉 = 0. Generi-
cally, the operators aˆj are different than bˆj and the two sets are related by a
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Bogolubov transformation (for more details, see for example [11, 12, 13] and
in the context of this manuscript, see explicitly in [14]). In particular, also in
Schwarzschild spacetime bˆj|0, in〉 6= 0 and aˆj|0, out〉 6= 0 which implies that
〈out, 0|0, in〉 6= 0 and therefore that particles are being produced.
To investigate the influence of perturbations on the vacuum state, we con-
sider a finite-duration small perturbation to the background Schwarzschild
metric. The perturbation is switched on at some early time ti and switched
off at some later time tf . So, the metric changes from gab to gab + hab. The
scalar field action variation is related to stress-energy-momentum tensor,
δSM =
√−g
2
habT
ab, (2.3)
where T ab is the SEM tensor of the minimally coupled field given by
T ab =
1
2
∇aφ∇bφ− 1
4
gab∇cφ∇cφ. (2.4)
The perturbation makes the generating functional time dependent. The time-
dependent generating functional Z[h] depends on the metric perturbation
hab. The functional Z[h] can be regarded as the generating functional in the
presence of a driving source term hab and is written as follows,
Z[h] =
∫
D[φ] eiSM [φ]e i2
∫
d4x
√−ghabTab (2.5)
Following the semiclassical approach we define the effective action 〈out, 0|0, in〉 =
eiW and apply the relation∫
D[φ] eiSM [φ]e i2
∫
d4x
√−ghabTab = eiW 〈e i2
∫
d4x
√−ghabTab〉 . (2.6)
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We then approximate
eiW 〈e i2
∫
d4x
√−ghabTab〉 ≈ eiW e i2
∫
d4x
√−ghab〈Tab〉 . (2.7)
A naive calculation of 〈T ab〉 is divergent. Therefore, we have to consider
the VEV of the renormalized stress-energy-momentum (RSEM) tensor, de-
noted by 〈T ab〉ren. There are many renormalization techniques that handle
the infinities of 〈T ab〉 in curved space. While in flat backgrounds divergences
of the SEM tensor VEV are easily identified and eliminated by the stan-
dard normal ordering techniques, in curved backgrounds this method is in-
applicable and rather intricate regularization techniques are introduced. The
most frequently used among them are the zeta function regularization [4], di-
mensional regularization [5, 6] and the covariant geodesic point separation
[7, 8, 9, 10], which we elaborate on bellow.
In general, in curved background the full partition function is given by
S = Sg + Sm where Sg is the gravitational Einstein-Hilbert action. Then, as
shown above, the external source induces a gravity-matter coupling of the
form hab〈T ab〉. Following the separation method [7, 8, 9, 10], the divergences
in the SEM tensor are isolated such that 〈T ab〉 = 〈T ab〉ren + 〈T ab〉div, where
the divergent terms in 〈T ab〉div turn out to be purely geometrical and can
be absorbed into the gravitational action. The finite 〈T ab〉ren determines the
emission of radiation from the BH.
The final result for Z[h] is obtained by replacing 〈T ab〉 by 〈T ab〉ren in
Eq. (2.7),
Z[h] ≈ eiW e i2
∫
d4x
√−ghab〈Tab〉ren . (2.8)
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It is also instructive to examine the first order expansion of Z[h],
Z[h] ≈ eiW
(
1 +
i
2
∫ t
0
dt′
∫
d3x
√−ghab〈T ab〉ren
)
, (2.9)
where now it is clear that the first term is the Hawking term that gives rise
to the thermal flux, while the second term is a modification of the Hawking
radiation induced by the external perturbation.
It is convenient to work in the interaction picture, assigning the explicit
time-dependence of the “in” state to the corresponding operator,
|0, in〉t = e i2
∫ t
0 dt
′(
∫
d3x
√−ghabTab)|0, in〉 (2.10)
In this form, we identify the time-evolution operator U(t, 0)|0, in〉 =
|0, in〉t, and the energy difference ∆E between the states |0, in〉 and |0, in〉t,
|0, in〉t = e−i
∫ t
0 〈∆E〉dt′ |0, in〉
〈∆E〉 = − 1
2
∫
d3x
√−ghab〈T ab〉 . (2.11)
Equation (2.11) can also derived by using the Euclidean partition func-
tion. The Euclidean rotation is valid as long as the relative corrections to
the background Schwarzschild geometry are small. Then, the corrections to
the periodicity of the Euclidean time β are small1. Furthermore, the pertur-
bations that we consider do not induce any additional singularities.
The Euclidean energy is given by 〈E〉 = −∂lnZ
∂β
. The energy difference be-
tween the perturbed and the unperturbed states 〈∆E〉 = 〈E(t)〉−〈E〉, where
〈E(t)〉, 〈E〉 are derived from their associated partition functions Z[h], Z[0]
1The corrections to β due to the external perturbation result in an additional second
order correction in Eq. (2.11).
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in accordance. Then, 〈∆E〉 = −1
2
∫
d3x
√−ghab〈T ab〉ren which agrees with
Eq. (2.11).
The excess energy of the time-dependent vacuum state with respect to
the stationary initial vacuum state 〈∆E〉, which is supplied by the external
gravitational perturbation is the total energy gained by the vacuum state of
the matter fields. Part of this energy, which is denoted by ∆ER, is emit-
ted to infinity in different forms of radiation and part remains trapped and
contributes to the eventual increase in the mass of the BH. The distribution
of the radiated energy depends on the detailed nature of the perturbation
and the type of the excited fields. We are particularly interested in the total
power radiated by the l = 2 deformation of the horizon surface (labeled by
R2) or equivalently the BH surface luminosity. This power is obtained by
projecting the flux components of the SEM tensor on the BH surface, which
is defined by embedding the BH’s outer surface in a constant time surface
Σt. The flux of the SEM tensor is given by the projection T
tρnρ = T
tr, where
nρ = (0, 1, 0, 0) is the normal to Σt. Then, from Eq. (2.9) the radiated en-
ergy to infinity as a result of deformations in the BH outer surface is given by
∆ER = −12
∫
d3x
√−ghtr〈T tr〉ren and the additional power emanating from
the deformed horizon (the BH additional luminosity) takes the form
∆L = − 1
2
∫
Σt
dΩr2htr〈T tr〉ren, (2.12)
where ∆L is the luminosity difference between the stationary and the time-
dependent state. Moreover, by identifying the Hawking luminosity as LH =∫
R=2M
dΩr2〈T tr〉ren, Eq.(2.12) can be written as ∆L ∼ htr(Rlm)LH , where
htr(Rlm) = htr(r)
∣∣
r→R2m is the value that the metric perturbation takes about
the deformed horizon.
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In the following, we outline the perturbative treatment and specify the
metric perturbation that describes geometric deviations of the BH horizon
away from, but near, equilibrium.
3 Classical setup
As previously mentioned, our interest is in the emitted radiation from BHs
that are out of equilibrium. BHs out of equilibrium were discussed in the
context of studying tidally deformed BHs. There, the perturbations are
described in the horizon-locking gauge [15, 16, 17, 18, 19]. We have adopted
this framework for our purposes. We first outline some of the main ideas and
then discuss the detailed calculations and results.
3.1 Background
Originally, the dynamics of BHs undergoing tidal deformations was described
by Thorne and Hartle [20] and later elaborated by Alvi [21], Hughes [19]
and Poisson [15, 16, 18, 22] who describes in great detail the geometry of
a deformed BH horizon as a result of tidal gravitational perturbation. The
idea is that the spcetime of a nonrotating BH is deformed by a weak tidal
interaction produced by an external moving object. This environment is
characterized by the radius of curvature R, which can be considered as the
region in space where the BH gravitational field interacts with the object’s
tidal field. To guarantee a weak gravitational interaction, it is assumed that
the Schwarzschild BH with mass M and radius RS = 2GM satisfies RS  R.
For example, consider a binary system that consists of a BH and an external
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object with mass M ′, the relative distance between them is b. Then, the
radius of curvature is given by R2 ∼ b3/(M + M ′), which is of order of the
BH’s angular velocity, which also determines the typical interaction scale.
The important aspect is that the tidal field induces a modification to the BH
gravitational field in a region r  R. So, perturbation about the background
geometry are expanded in powers of the dimensionless parameter r/R  1.
For a more detailed description we refer the readers to Appendix A, and
to Ref. [17]. In the following section, in analogy with Poisson’s results,
we present a general framework for constructing the geometry of deformed
horizons.
3.2 Deformed horizon geometry
As previously mentioned, we are interested in perturbations that describe a
horizon deformation of BHs near their equilibrium state. Astrophysical BHs
relaxing to equilibrium can originate from a various astronomical events such
as a BH that is immersed in an external gravitational field induced by an
external source or by inspiralling compact binaries [16]-[23], or by a binary
postmerger event in its ringdown stage [24, 25]. Here the specific details
of these events are not important, instead we are interested in the general
description of the horizon deformation.
The idea is that an external GR observer can describe the near-horizon
geometry of a deformed BH relaxing to equilibrium in the horizon-locking
coordinate system. In this gauge, the horizon position is “locked” at r = RS,
such that h(RS) = 0 up to some higher-order correction in the perturbation
strength. Then the perturbed geometry is interpreted in terms of a per-
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turbation in the associated Ricci curvature. Alternatively, the deviation in
the scalar curvature can be converted into a deviation of the BH outer sur-
face. An external observer can interpret the perturbation as the geometrical
deviation of the BH outer surface horizon from its unperturbed location at
r = RS [17, 19]. This is depicted in Fig. 1 for some specific perturbations.
In general, outward and inward deviations of the BH surface with respect to
its unperturbed horizon RS can be identified as the injection of some average
positive and negative null energy, respectively.
To determine the deformed horizon geometry, the BH outer surface posi-
tion is parametrized about a three-dimensional Euclidean space as measured
by a remote flat space observer. The dimensionless horizon displacement pa-
rameter of the deformed surface with respect to its unperturbed position is
denoted by D(v)lm. Here v is the ingoing Eddington-Finkelstein (EF) coordi-
nate , and l,m are the deformation angular modes. Then D(v)lm ≡ D(v)Ylm
and specifically for the l = 2 mode we define
D2 = D
∑
m
Y2m. (4.1)
The BH outer surface position for an arbitrary l,m modes is given in this
case by,
R(v)lm = RS(1 +D(v)lm) , (4.2)
in accordance with Eq. (4.1), the surface displacement for the l = 2 mode is
R2 = RS(1+D2). This is illustrated in Fig. 1 for some l,m modes. As stated,
this parametrization defines the BH surface in a three-dimensional Euclidean
space. The surface curvature associated with the above parametric equation
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is given by
R = 1
2M2
(1 + 4DYlm) , (4.3)
where the Ylm are defined as a real functions (see Appendix A, Eq. (A.10)).
To proceed, we identify the surface curvature with the Ricci curvature of the
deformed horizon geometry. Then, since the only information that we have
is about the surface curvature, we have some gauge freedom in determining
uniquely the near-horizon geometry. In [15, 16] it is shown that there ex-
ists a unique choice of coordinates that satisfies the geometrical properties
mentioned above, the horizon-locking coordinate system.
Figure 1: The geometric deviation of the BH outer surface for the different mode
functions: The solid (black) line is the unperturbed BH or equivalently the per-
turbed BH in the horizon-locking coordinates. The dashed (blue) is the position
of the deformed BH horizon in Schwarzschild coordinates in the presence of per-
turbations.
The horizon-locking metric perturbation is defined about the Schwarzschild
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background in the outgoing EF coordinates whose line element is given by
ds2 = − f(r)du2 − 2dudr + r2dΩ2 , (4.4)
where f(r) = 1−2M/r. The metric perturbation is given as an expansion in
the dimensionless horizon displacement parameter D < 1. Here we give only
the first nonvanishing term which is of order D. This term, as explained in
Appendix A and also in [15], is the contribution of the quadrupole moment
l = 2. The higher-order terms are the octupole moment l = 3 of order ∼ D3/2
and the l = 4 hexadecapole moment ∼ D2. Furthermore, since we are in-
terested in calculating the deformed BH luminosity, given by Eq. (2.12), the
only relevant metric component is given in Schwarzschild coordinates by htr
or in EF coordinates by huu. The other metric components do not contribute
to the radiated flux, rather they do participates in the time-evolution of the
initial vacuum state given in Eq. (2.10). We listed them explicitly in Ap-
pendix A. Then, in the vicinity2 of the BH horizon, the metric perturbation
for the l = 2 mode Eq. (4.1) takes the form
huu = 4
(
1− r
2M
)2
D2 . (4.5)
Now, when the theoretical framework for the evaluation of the classical
and quantum emission is established, we are able to perform the desired
calculations.
2An exact definition of the “vicinity region” appears in Appendix A.
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4 Results
Here, we begin with the results that describe the classical gravitational wave
emission from a perturbed Schwarzschild BH. We then proceed to calculate
the quantum emission of fields with different spin: minimally coupled confor-
mal scalar fields, electromagnetic fields, neutrino fields and graviton fields.
This emphasizes that the framework for the classical and quantum emission
is similar while demonstrating the fact that unlike the classical emission, in
the case of quantum emission, all matter fields are produced.
4.1 Quadrupole emission
The deformation of the Schwarzschild BH horizon is given in Eq. (4.2) and
its associated background perturbation in Eq. (4.5). This deformation leads
to a nonvanishing time-dependent quadrupole moment as we now explain.
The time-dependent geometric deviation results in a time-dependent excess
energy density ρ(t, r). This leads to a time-varying quadrupole moment
Qab ∼
∫
d3x′ρ(t, x′)xaxb, which in turn sources a gravitational-wave emission.
It is possible to express the stress tensor of the gravitational energy and
its radiation power in the standard form ∆LGW ∼ 〈
...
Qab
...
Q
ab〉. This can be
estimated directly by noting that Q ∼M3. As explained in Appendix A, we
assume that the induced gravitational field is slowly varying, then its rate
of change can be approximated by d/dt ∼ ∆t−1 ∼ D1/2/M , so ...Q2 ∼ D3
and ∆LGW ∼ D3. Detailed calculations of the classical emission from a BH
undergoing tidal deformations are found in [15, 20]. The final result for the
emitted power of gravitational energy, or alternatively the rate in which the
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BH losses its mass, is expressed in terms of the dimensionless displacement
quantity D, and takes the from
∆LGW ≈ c
5
G
(
TS
∆t
)2
D2, (4.6)
where ∆t is the characteristic time interval of the perturbation is denoted
by ∆t and TS is the Schwarzschild time TS = RS/c. Then, if the time
interval scales as ∆t ∼M/D1/2, then TS/∆t ∼ D1/2 and the power becomes
∆LGW ∼ D3.
The total energy loss in a characteristics time interval ∆t is ∆EGW =
∆LGW∆t
∆EGW ≈ c
5
G
T 2S
∆t
D2 (4.7)
In the models that were considered in [26] the perturbations are induced
by exciting exotic matter in the interior of the BH. In this case, the scaling of
the various quantities is different than the one discussed above. The scaling of
the frequency is ω ∼ D and that of the lifetime is τ ∼ 1/D2, so ∆LGW ∼ D4
and ∆EGW ∼ D2MBH . In this case, the emitted energy is a finite fraction
of the BH energy and therefore is detectable, in principle, by gravitational-
wave experiments. If the BHs are rotating, the amount of emitted energy
can further increase beyond this estimate.
4.2 Increased quantum flux
To begin, we specify the quantities in the expression for the radiated energy
flux, Eq. (2.12), recalling that we are interested in the emitted power from
the deformed horizon.
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The flux components of the RSEM tensor are evaluated in EF coordinates
about the Unruh vacuum state, which describes an outward thermal flux at
infinity. Then, the flux term is given by Tuu − Tvv = 2Ttr so the Hawking
luminosity for a field of a given spin is defined as LsH = 4pir
2〈Ttr〉sren. The
explicit expression for the RSEM tensor of a stationary Schwarzschild BH is
given by [27],
LsH = α¯
s pi
12
T 2H , (4.8)
with TH = 1/(8piM) being the Hawking temperature
3. The numerical factor
α¯s depends on the spin of the excited fields and is determined by the trans-
mission coefficient through potential barrier [28]. Equation (4.8) describes a
constant thermal flux at the Hawking temperature TH . The metric pertur-
bation in Eq. (4.5) in Schwarzschild coordinates is given by htr = f(r)
−1huu,
htr = −D2 r
2
M2
(
1− 2M
r
)
. (4.9)
Finally, we calculate the additional radiation power emanating from the de-
formed horizon at r = R2, where according to Eq. (4.2) the BH outer surface
is located at R2 = RS(1 + D2). Recall that D2 = D
∑
m Y2m, then the BH
surface luminosity for the dominant quadrupole l = 2 perturbation is given
by Eq. (2.12)
∆Ls = −1
2
∫
Σt
dΩr2htr〈T tr〉sren
∣∣∣
r→R2
= −1
2
∫
Σt
dΩr2
[
D2
r2
M2
(
1− 2M
r
)(
α¯s
T 2H
48r2
)] ∣∣∣∣
r→R2
.
(4.10)
3To restore units, the luminosity needs to be multiplied by a factor of
k2B
~ .
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By substituting M = 1/8piTH , RS = 2M and r → R2 we obtain the following
expression,
∆Ls =
2pi2
3
α¯sT 4H
∫
Σt
D2dΩ
(
r2 − rRS
) ∣∣∣
r→R2
≈ α
s
24
D2T 2H
∫
Σt
dΩ
∑
m
(Y2m)
2 +O(D3) .
(4.11)
In passing from the first to the second line we substituted D2 = D
∑
m Y2m.
Finally, we substitute the corresponding l = 2 spherical harmonics that
are defined in the Appendix Eq. (A.10) and perform the azimuthal integral∫
dΩ
∑
m(Y2m)
2. This eventually yields
∆Ls ≈ 14pi
45
α¯s(DTH)
2 . (4.12)
First, it is clear that the surface luminosity increases with the horizon dis-
placement parameter D, which means that, geometrically, a larger defor-
mations of the BH horizon ∆RS ∼ DRS leads to a higher luminosity. In
addition, the flux is positive, independently of the sign of D and indepen-
dent on whether the BH outer surface protrudes outward or inward.
Equation (4.11) can be further simplified by denoting LsH = 4pir
2〈T tr〉sren,
so takes the form4
∆Ls =
56
15
D2LsH . (4.13)
For completeness, we list the final results, including the average spin coef-
ficient factors [28]. Applying the definition of the spin-independent Hawk-
ing luminosity LH = piT
2
H/12, the excess emitted power for massless scalar
4We neglect the corrections of the spin coefficient α¯s since they are higher order in D.
17
fields is ∆L0 = 0.66 × D2LH , for all species of spin half massless neutri-
nos (if they exist) ∆L1/2 = 1.47 × D2LH , and for photons and gravitons
∆L1 = 0.3×D2LH , ∆L2 = 0.03×D2LH , respectively.
This emphasizes that the relaxation of BH to equilibrium is accompanied
by an emission from two different origins. The first is of quantum origin
∆Ls, which is sourced by the fluctuation of the SEM tensor. This emission
is distributed between the different channels. The strength of the emission
in a particular channel s, is determined by αs. The second emission channel,
is of classical origin Sec. 4.1 and is labeled by ∆LGW . To demonstrate how
energy is radiated through the classical GW channel we derive the classical
analog of Eq. (2.12). At first, we consider the gravitational action
Sg =
1
2
∫
d4x
√−ggabRab . (4.14)
whereRab is the Ricci tensor. Then, we derive the SEM tensor of the emitted
radiation in the far-field region and expand the gravitational action in the
GW perturbation hab. The zeroth and first order expansion of the Ricci ten-
sor vanishes in the Schwarzschild vacuum whereas the second order expansion
is nonvanishing and yields (after lengthy derivation) the null component of
the emitted GWs SEM tensor
δR(2)uu = tuu = −
1
8pir2
〈...Qij
...
Q
ij〉 (4.15)
and the GW power is given by
∆LGW = − 1
2
∫
Σt
dΩtuur
2
= − 1
5
〈...Qij
...
Q
ij〉
(4.16)
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This demonstrates that the classical GW emission originated in the nonzero
quadrupole moment that is generated by deformations of the BH.
To proceed, it is possible to estimate the modified Hawking temperature
by using Eq. (4.8) and assuming that the perturbed BH emits an approx-
imately thermal spectrum. Then the emission is approximately that of a
black body. The modified luminosity L˜ = LH + ∆L, can be evaluated using
Eq. (4.8), L˜ = pi
12
T˜ 2, where T˜ is the modified Hawking temperature of the
BH surface. From Eq. (4.11)
pi
12
T˜ 2 =
pi
12
T˜ 2H +
14pi
45
(DTH)
2 , (4.17)
so T˜ is given by
T˜ = TH
√
1 +
56
15
D2 . (4.18)
∆T
TH
≈ 28
15
D2 , (4.19)
where ∆T = T˜ − TH . The modified BH temperature is seen no to depend
on the sign of D, which implies that inward or outward surface deviations
Eq. (4.2) resulted in an increase of the BH temperature.
To get more insight about the results, it is instructive to compare between
the the classical and the quantum emissions, in Eq. (4.6) and Eq. (4.13),
respectively,
∆L
∆LGW
≈ k
2
BG
~c5
(
∆t
TS
)2
TH
2
=
~c
GM2
(
∆t
8piM
)2
=
1
4pi
(
∆t
TS
)2
1
SBH
.
(4.20)
The appearance of a quantum suppression factor 1/SBH can be explained
as follows. Classically an unperturbed BH has energy mass of E = M ,
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also, the energy scale that is associated with its quantum properties is the
BH temperature TH = 1/RS. Then, in analogy with the comparison of the
classical to quantum emission Eq. (4.20), their ratio for an unperturbed BH
yields
TH
M
=
1
RSMBH
=
1
SBH
. (4.21)
Therefore, we should expect a suppression factor of order 1/SBH to appear
in Eq. (4.20). However, note the additional factor (∆t/TS)
2 which, for large
∆t  TS, may significantly increase the relative magnitude in Eq. (4.20).
Here, ∆t is left unspecified and depends on the details of the underlying
mechanism that drives the BH horizon deformations. For example, we can
consider the setup of horizon deformations that are induced by an external
remote moving object, and are given in Section (3.1) and also in Appendix
A. The characteristic time scale is ∆t ∼ TS/D1/2, then the ratio exhibits
∆L/∆LGW ∼ 1/(DSBH) ∼ l2P/(DR2S). To interpret that we recall that
the radial horizon displacement is given by ∆RS = DRS, then for small
deviations with D  1 we argue that in BH relaxing to equilibrium, the
ratio Eq. (4.20) is considerably larger in comparison with the ratio of an
unperturbed BH Eq. (4.21). Furthermore for the sub-Planckian regime where
DR2S ∼ l2p, which means that ∆RS ∼ l2p/RS ∼ RS/SBH , we conclude that for
deviation of this order the quantum emission is nonnegligible in comparison
to the classical one.
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5 Summary and Discussion
In this paper we calculated the emission from a perturbed Schwarzschild BH.
The perturbations could be of classical or quantum origin . We established
a theoretical framework for calculating the emission for the different kinds
of quantum fields by using the semiclassical approach. We showed that in
the quantum case there exists a nontrivial gravity-matter coupling term of
the form hab〈T ab〉. Since all matter fields are coupled to the metric pertur-
bation through their SEM tensor, all particle species are produced. This
was demonstrated explicitly in the emission formula Eq. (2.12). In contrast,
in the classical GR treatment, the radiation from BHs undergoing horizon
deformations is emitted only in the from of gravitational waves. We also
stress that such a coupling term is absent in the absence of a perturbation,
because for Schwarzschild BHs Tab = 0 for all matter fields. This discussion
highlights the difference between the underlying mechanism that provides
the source of energy in the classical case and that in the quantum case. In
the classical case, the emission originates from the geometrical properties of
the scalar curvature and its associated perturbed metric, which eventually
constitute the gravitational SEM tensor of the emitted radiation, Tab ∼ h˙ 2ab.
In the quantum case, the source term is the vacuum fluctuation of the matter
fields RSEM tensor that is coupled to the perturbed background hab. We also
emphasize the importance of the gravity-matter coupling term that appears
in Eq. (2.11) to the resolution of the BHs information paradox. Whereas in
[29, 30] it is shown that operators in this form can transfer information to
the outgoing radiation and may eventually lead to unitarization.
Subsequently, in section (4.2), we calculated explicitly the emission of the
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minimally coupled scalar fields, neutrinos, photons and graviton fields. We
find that the flux is always positive, independently on the sign of the de-
formation parameter D, and independent on whether the BH outer surface
protrudes outward or inward. Then, by assuming that the emission is ap-
proximately that of a black body, we interpreted the additional flux in terms
of the BH surface temperature and find the modification to the Hawking
temperature. Similarly, the modification was found to be independent of the
sign of the horizon displacement parameter D. Later, considering the results
of the classical emission we compare the classical and quantum results for
the BH luminosity, we conclude that the ratio is controlled by the BH en-
tropy 1/SBH and also by the ratio ∆t/TS, which in some setup could provide
significant enhancement factor in Eq. (4.20).
As explained in Section (3.2), an external observer can describe the near
horizon geometry of a deformed BH in the horizon locking coordinate sys-
tem. This means that the horizon position is locked at r = RS, such that
h(RS) = 0. In this gauge, the perturbed geometry is interpreted in terms of a
perturbation in the associated scalar curvature. Alternatively, the change of
the Ricci scalar can be described as the deformation of the BH outer horizon
with respect to its unperturbed horizon at r = RS, as shown in Fig. 1. An
external GR observer using the horizon locking coordinate system cannot dis-
tinguish classically between a perturbed and an unperturbed BH. However,
if she measures the temperature of the unperturbed BH, the result will be TH
and if she measures the temperature of the perturbed BH, then according to
Eq. (4.19), she finds a different temperature. A possible explanation that the
GR observer can provide for the temperature difference is that there must be
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additional energy flux originating from the BH interior. Therefore she may
deduce that the BH interior is not empty.
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A Gravitational setup
In this appendix we explain in detail the connection of tidal deformations to
the discussion that is given in Section (3.1). The discussion follows [15, 16,
18]. Similar discussions are also presented in [19, 20, 21].
To begin, we consider the perturbatons in the horizon-locking gauge about
the Schwarzschild backgrounds in the outgoing EF coordinates. The line
element is given by
ds2 = − f(r)du2 − 2dudr + r2dΩ2 , (A.1)
were f(r) = 1−2M/r. The metric perturbation hµν is given as an expansion
in r/R where R is the radius of curvature. The scale R defines the region
in space where the BH gravitational field interacts with the tidal field of an
external object. As explained in Section (3.1), to guarantee a weak grav-
itational interaction, the Schwarzschild radius RS of the BH must satisfy
RS  R. For the case of a binary system, where the external object has
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mass M ′ and the separation distance is b, the radius of curvature is given by
R2 ∼ b3/(M + M ′). This is illustrated in Fig. 2. Here, we list the leading
terms which is second order in r/R. Then, by imposing the proper gauge
conditions, in the vicinity of the BH the metric perturbation takes the form
huu = − r2f(r)2C2 +O(r3/R3) , (A.2)
hur = 0 , (A.3)
huA =
2
3
r3f(r)
(
CA2 +B
A
2
)
+O(r4/R3) , (A.4)
hAB = − 1
3
r4
[(
1− 2M
2
r2
)
CAB2 +B
AB
2
]
+O(r3/R4) , (A.5)
where the C2, C
A
2 , B
A
2 , C
AB
2 , B
AB
2 are the dimensionful tidal quadrupole mo-
ments of the scalar, vector and tensor spherical harmonics, respectively. We
later define the appropriate scalar harmonics. The definition of the vector
and tensor harmonics is given in [15] and is not relevant to our purpose,
since, as previously mentioned, they do not contribute to the emitted flux.
The perturbation strength scales as C ∼ B ∼ R−2. The contribution of
the higher-order terms: the octupole moments that scale as r3/R3 and the
hexadecapole moments that scale as r4/R4 are smaller than the quadrupole
moments that scales as r2/R2. We therefore consider only the contribution
of the quadrupole term l = 2. In the limit r/R → 0, while keeping M/r
fixed, the metric perturbation vanishes.
One could also define the dimensionless parameters
C˜ ∼ B˜ ∼ r
2
R2 , (A.6)
D˜ ∼ M
2
R2 , (A.7)
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where the C˜, B˜ denote the expansion parameter of the metric perturbation.
The parameter D˜ can be viewed as the expansion parameter in the vicinity
of the horizon r ∼ M . It is related to the tidal fields by D˜ = C˜M2/r2 and,
as we show below, it is useful for the description of the horizon deformation.
The scalar harmonics of the tidal fields are defined by
C2 = C
∑
m
Y2m. (A.8)
D˜2 = M
2C
∑
m
Y2m, (A.9)
where C ∼ R−2 and its exact value is determined by defining the components
of the Weyl tensor [15]. For the purpose of this work it is unnecessary to
specify them further, since our interest is in the region 2M < r < rmax,
where rmax  R Fig. 2. Then, the construction of the Weyl tensor and its
associated tidal fields will only indicates how small the ratio C˜ ∼ r2/R2  1
is. The important point is that this region is finite and the perturbative
description in Eqs. (A.2)-(A.5) is valid only for r < rmax. In addition, it is
shown in [22, 21] that in regions where rmax < r < R the metric takes the
form of post-Newtonian expansion, such that the induced corrections to the
BH spacetime are significantly smaller than those that are given in Eqs. (A.2)-
(A.5). Therefore, one is mainly interested in the region RS < r < rmax.
The spherical harmonics listed above are defined as the real part of the
Y2m,
Y2,0 = 1− 3cos2θ ,
Y2,1c = 2cosθsinθcosφ ,
Y2,1s = 2cosθsinθsinφ , m = 0, 1c, 1s, 2c, 2s
Y2,2c = sin
2θcos2φ ,
Y2,2s = sin
2θsin2φ .
(A.10)
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Figure 2: A companion orbiting a BH. The vicinity region of the BH (black
sphere) where the BH metric is substantially modified is defined by the black
solid circle. The distance b between the companions and radius of curvature
R > b is also shown.
We also define the characteristic time scale T ∼ √b3/M ∼ R and the
frequency ω ∼ T −1 ∼ D˜1/2/M , where T  Rs describes a slowly changing
quadrupole. For example, in a binary system with externally moving object
with massM ′ the frequency is given by ω2 = (M+M ′)/b. The time derivative
of the quadrupole moments, is given by
˙˜
C ∼ C˜T −1 ∼ C˜ω ∼ C˜ D˜
1/2
M
∼ r
2
R3 . (A.11)
Another important scale is the inhomogeneity scale L, which measures
the degree of spatial variation of the induced tidal fields. In the context
of a binary system, the analogue scale is the relative distance between the
constituents L ∼ b. It is the smallest scale among T ,R, so L < R and
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given by L ∼MD˜−1/3. The definition of rmax is given in terms of the length
scale L and the cutoff R. First, it is clear that rmax has to be smaller than
both L and R, this indicates that it must be determined according to the
smallest scale in the problem, then rmax . αL with α being a dimensionless
parameter α < 1. Then, the only way to construct α from L,R is using
the relation α ∼ L/R. Thus rmax ∼ L2/R ∼
√
ML ∼ MD˜−1/6, which
agrees with [22]. For completeness, we stress that the metric perturbation in
Eqs. (A.2)-(A.5) is well defined in the region Rs < r .MD˜−1/6. Otherwise,
at larger distances, the expansion parameter is too large and the perturbative
treatment breaks down.
In accordance with the above relations, we now wish to express the hori-
zon shift ∆R as the result of the tidal deformation described by the metric
perturbation. As explained in Section (3.2) the explicit expression of the
Ricci scalar [17], is given by
R = 1
2M2
(
1− 1
6
l(l − 1)(l + 1)(l + 2)D˜lm
)
. (A.12)
The BH horizon radial deviation, following [17, 19] is given by
Rlm = RS
(
1− 1
6
l(l + 1)D˜lm
)
. (A.13)
The radial shift ∆R2 = R2 −RS then reads
∆R2 = − D˜2RS . (A.14)
So the BH horizon extends from its original unperturbed location up to a
distance scale that is determined by the factor ∆Rs/Rs = −D˜.
We can now identify D˜ with the horizon displacement parameter D in
Eq. (4.2), D˜2 = −D2, which establishes the connection between the descrip-
tion in Section (3.2) and the original setup of the tidal deformation.
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